Materials and Methods
Twenty adult male Sprague-Dawley rats weighing 300 to 350 g each were maintained under standard laboratory conditions. The animals were allowed free access to rat chow and water. They were randomly and equally divided into two groups to undergo one of two surgeries. The study was approved by the animal ethical committee of Uluda University.
Initial surgical procedures were performed after induction of sodium pentobarbital anesthesia (Nembutal, 30-50 mg/kg intraperitoneally; Abbott Laboratories, Quebec, Canada). Temporary inhalational ether was provided during the electrophysiological studies.
Surgical Procedures
Surgery was performed using a binocular operative microscope (MTX-1HϩSVI; Olympus Optical Co., Ltd., Tokyo, Japan) and microsurgical techniques.
The PEC Group. In the PEC group, the left sciatic nerve and its proximal branches (sural, common fibular and tibial nerves) in the hindlimb were exposed through a gluteal muscle-splitting incision and dissected. The sural (pure sensory) and the common fibular (sensory/motor) nerves were sharply severed 1 cm distal to their bifurcations, and the proximal ends of both nerves were buried into gluteal muscles with nylon sutures. Using 10-0 nylon sutures, the distal stumps of both nerves were coapted to the intact tibial nerve 1 cm apart from each other in an end-to-side fashion (Fig. 1) . The epineurium of the tibial nerve at the site of the coaptations was removed by grasping the epineurium with microforceps and resecting a circular part of it nearly equal to the diameter of the nerve that would be coapted.
The SEC Group. In the SEC group, identical surgical procedures apart from the coaptation method were conducted. For the coaptation method in this group, the distal stump of the common fibular nerve was coapted to the side of the intact tibial nerve first, and then the distal stump of the sural nerve was coapted to the side of the common fibular nerve 1 cm apart from the first coaptation site (Fig. 2) .
Gait Analysis
Eighteen weeks postoperatively, the rats in each group were allowed to walk on a paper placed on the bottom of a walking track. Before this procedure their hindpaws were soaked in a methylene blue solution to allow them to leave footprints. The procedure was repeated when an unsatisfactory result was obtained. Using the formulas reported by Bain and colleagues, 2 fibular and tibial functional indices (Table 1) were calculated for each rat. Calculations for each index in each rat were made blindly to exclude any possible interactions.
An index of zero reflects normal function and an index of Ϫ100 theoretically represents complete loss of function. 8, 11 It is technically possible to have a result lower than Ϫ100 or greater than zero based on the formulas because constants are involved.
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Assessment of the Sensory State
After the walking track procedure, but before inhalation of anesthesia for the electrophysiological assessment, the skin of the lateral leg in the left hindlimb was pinched with fine forceps at multiple close locations in each animal. The reflex withdrawal response on the experimental side was compared with that on the untreated normal side. Positive and negative responses were recorded.
A positive response was indicated by a leg withdrawal reflex on the nonoperated side in reaction to pinching of the sural nerve dermatome on the contralateral experimental side. The observation of no leg withdrawal reflex was accepted as a negative response.
FIG. 1.
Schematic drawing of the PEC method. Proximal ends of the sural and the fibular nerves were ligated and buried in gluteal muscles, and distal stumps of both nerves were coapted to the tibial nerve 1 cm apart from each other.
FIG. 2.
Schematic drawing of the SEC method. The distal stump of the sural nerve was coapted to the fibular nerve after the coaptation of the fibular nerve to the tibial nerve in an end-to-side fashion.
Electrophysiological Testing
After the aforementioned procedures, a state of anesthesia was induced by temporary inhalation of ether. Reincision was made on the left hindlimb, and the nerves were exposed and dissected carefully. Because of difficulty skeletonizing the nerves (heavy scar tissues had formed in most of the animals), some muscle and scar tissues were included with the nerve during the dissection to secure the integrity of the coapted nerves. After exposure of the nerves, NCVs for the fibular and sural nerves were measured using the MP100 data acquisition and analysis system (BIOPAC Systems, Inc., Goleta, CA). During these measurements, electrodes were placedone under the sciatic nerve and the other under the distal parts of the sural and fibular nerves, respectively. Supramaximal stimulus (7 V, 0.5-m/second duration) generated by an MP100 stimulator was used to stimulate the nerves, and the distance between the electrodes was measured. After the initial measurements, the distal end of the tibial nerve was sectioned, and the test was repeated to exclude any possible spurious pathways of conduction.
Nerve conduction velocities on untreated fibular and sural nerves of the right sides were also measured and used as control data.
Morphometrical Analysis of the Nerve Tissue
After electrophysiological testing, the animals were killed and their tissue samples harvested. In the PEC group, nerve tissue samples were taken from both the fibular and the sural nerves 0.5 cm distal to the end-to-side coaptation site. In the SEC group, two samples (one proximal and the other distal to the distal stump of the sural nerve) were taken for the fibular nerve. A third sample from the distal stump of the sural nerve was obtained 0.5 cm distal to the coaptation site. Additional samples from the tibial nerves 1 cm distal to the coaptation sites were also acquired in both groups. Similar samples of fibular, sural, and tibial nerves were also obtained from the nonoperated (right) side of each rat and used as controls.
Harvested tissue specimens were fixed in 4% glutaraldehyde in 0.1 mol/L phosphate buffer at pH 7.4. Each sample was then postfixed with 1% OsO 4 in 0.1 M phosphate buffer for 2 hours, dehydrated through a graded series of ethanol solutions, and embedded in Spurr resin (Agar Scientific, Ltd., Stansted, United Kingdom). Semithin 0.5-m sections of the entire nerve perpendicular to the long axis of the nerve fibers were then taken and stained with a mixture of 1% toluidine blue and 1% borax in distilled water.
The axon counts were performed by a single investigator (M.A.K.) who was blinded to the origin of the tissue samples. A Sony Cybershot DSC-F717 digital camera attached to a Nikon 4S-2 Alphaphot light microscope and Scion-Image software were used to capture images, and the image analysis system was calibrated with a hemocytometer before all measurements were made. Ten randomly selected microscopic fields were then captured for each nerve sample through a ϫ100 oil immersion Nikon objective for accurate recognition and counting of the myelinated nerve fibers. A counting frame of known area (2.65 ϫ 10 Ϫ3 mm 2 ) was created using Scion-Image software and superimposed on the digital image to be counted. Myelinated axons were then quantified according to the unbiased counting rule 18 and results expressed as area densities of myelinated axons (axons per square millimeter).
Statistical Analysis
Unpaired Student t-tests were used to compare the fibular and tibial functional indices and nerve conduction velocities of the PEC and SEC groups. A probability value less than 0.05 was considered significant. Each result of the axon countings was expressed as the mean Ϯ standard error of the mean per square millimeter. The mean density of myelinated nerve fibers was compared using one-way analysis of variance for fibular, sural, and tibial nerve groups; post hoc pairwise intergroup comparisons were made using the Tukey test.
Results
The mean NCV of the sural (sensory) nerves on the nonoperated control sides was 59.4 Ϯ 1.8 m/second. In the PEC group the mean NCV of the sensory nerves was 50.4 Ϯ 7.6 m/second, but no positive sensory response on the lateral thigh was observed except in one rat, which could not be clearly identified because of its different reactions to pinching. There was a slight withdrawal reflex in some trials, but most of the trials did not cause any reaction.
Based on the formulas, a functional index of zero equals normal function; a functional index of Ϫ100 indicates complete functional loss for both the tibial and fibular functional indices. In the PEC group, the mean fibular functional index was Ϫ38.5 Ϯ 8.6, and the mean NCV on the fibular nerves was 61 Ϯ 3.2 m/second. On the nonoperated control side, the mean NCV on the fibular nerve was 62.5 Ϯ 2 m/second. The mean tibial functional index was 1.4 Ϯ 15.9. In this group one of the rats died and the data were discarded. The results of functional index calculations, electrophysiological measurements, and sensory assessments are summarized in Table 2 .
In the SEC group neither the NCV in the sensory (sural) nerves nor the positive sensory response in the lateral thigh regions could be obtained. The mean fibular functional index was Ϫ26.5 Ϯ 6.9, and the mean NCV in the fibular nerves was 46.5 Ϯ 7.5 m/second. The mean tibial functional index was Ϫ3.4 Ϯ 12.7. A slurred print was obtained for one of the rats and the index for that rat was not calculated. Grossly, the sural nerves appeared to be degenerating, and in some of the rats the nerves easily broke off from the coaptation site during dissection.
Morphometrical evaluations revealed that the myelinated nerve fiber density of the fibular nerves in both the SEC and PEC groups were significantly higher than those in the control group (p Ͻ 0.001 for all comparisons). Fibular nerve samples obtained in the proximal and distal part of the sural coaptation site in the SEC group contained significantly more myelinated axons compared with those found in the fibular nerves in the PEC group (p Ͻ 0.001 for both comparisons). Finally, in the SEC group, the fibular nerve samples taken distal to the sural nerve coaptation site contained a significantly higher number of myelinated nerve fibers compared with those harvested from the same nerve but proximal to the sural nerve coaptation site (p Ͻ 0.01) (Fig. 3) . Although the number of myelinated fibers of the fibular nerves in the SEC and PEC groups appeared to be high compared with the nonoperated control group, most were smaller in caliber (Fig. 4) .
The myelinated nerve fiber density of the sural nerves in the PEC group was significantly greater than that measured in both the nonoperated control and the SEC groups
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(p Ͼ 0.001 for both comparisons), but there was no significant difference in the myelinated nerve fiber density of the sural nerves obtained from the nonoperated control and the SEC groups (Fig. 5) . The sizes of myelinated fibers of regenerated nerves in both PEC and SEC groups, however, appeared substantially smaller than those of the nonoperated control group, and more uniform organization and compartmentation were observed in the PEC group than the SEC group (Fig. 6) .
Significantly more myelinated fibers were also found in the distal part of the tibial nerve in both SEC and PEC groups, compared with its nonoperated representative (p Ͻ 0.001 for all comparisons), and the tibial nerve samples acquired in the PEC group contained significantly more myelinated axons compared with those found in the SEC group (p Ͻ 0.01) (Fig. 7) .
Discussion
End-to-side neurorrhaphy was first reported by Ballance and colleagues 3 and reintroduced by Viterbo, et al. 28, 29 There have been many experimental 12, 15, 20, 22, 26, 28, 29, 34, 35 and clinical studies 13, 24, 30, 32 that have produced conflicting results. The exact mechanisms or physiological changes that take place during axonal sprouting or regeneration remain unclear.
Some authors have reported that donor nerve trauma is essential for obtaining axonal regeneration after an end-toside neurorrhaphy. 1, 25 In most of the clinical reports on end-to-side neurorrhaphy, 10, 13, 30, 32, 33 although the authors did not perform deliberate axotomy, they created an epineural window at the coaptation site that may have caused donor nerve trauma; and the results reported with this technique were successful. Conversely, some authors could not obtain successful experimental 12 and clinical 24 results after end-to-side neurorrhaphy even with a perineural or epineural window. In our study we preferred to create an epineural window on the parent nerve at the coaptation site to facilitate axonal regeneration. 16 Nevertheless, it has been reported that regenerating axons derived from the parent nerve may easily penetrate all the neural sheaths toward the coapted nerve stump. 31, 35 To our knowledge, this experimental study represents the first investigation of electrophysiological, morphometrical, and functional outcomes after simultaneous end-toside coaptations of two severed nerves to a single parent nerve when two different coaptation methods were used in a rat model. This experimental model may represent a clinical situation in which end-to-side coaptations of both the median and radial nerves are needed at the wrist level, or a clinical situation with more than one branch of a facial nerve needing repair. Two different methods were used during terminolateral neurorrhaphies to compare the results and afterward to determine the method of choice.
It has been reported that one parameter cannot reflect nerve regeneration completely. 11 We used the fibular functional index (assumed to be the best experimental measure of function 11 ) to evaluate functional recovery, and the tibial functional index to determine the extent of damage to the parent tibial nerve. Because NCV was found to be best correlated with functional indices 11 and it provided the information that axons had crossed the nerve repair site, we additionally measured NCVs on both coapted nerves to determine the formation of any collateral sprouting. The pinch test was used to assess the sensory state in the sural dermatome. Histomorphometrical evaluations were also performed to reveal the quantity and quality of the regenerating axons.
In the SEC group, although there were some regenerating axons in the distal part of the sural nerve histologically, no electrical stimulus could be recorded during NCV measurements performed on the sural nerve; this finding was in accordance with the sensory state that the dermatome of the anesthetized sural nerve. This result indicates that the sural nerve could not obtain enough axons from the intervening segment of the fibular nerve during the experimental period.
In their experimental studies, Viterbo and colleagues 28 and Shah and coworkers 26 have also used an intervening nerve segment between the parent and target nerves as we did in the SEC group. However, their models are dissimilar from ours because they used nerve grafts as the bridging segment. In our study, the distal portion of a nerve was not harvested as a graft. An additional difference was the timing of the evaluation. It is believed that axonal sprouting from the parent nerve introduces some neurotrophic hormones (neurotrophin-3, nerve growth factor, brain-derived neurotrophic factor, and ciliary neurotrophic factor) released from Schwann cells of the distal stump. 7, 9, 31 The time necessary for their taking effect (of great importance for the second end-to-side coaptation site, especially when using a nerve graft) remains unclear. Lack of a sufficient amount of axonal sprouting toward the sural nerve, observed in our study, may result from the short duration of the neurotrophic mediators' effects, which are possibly released from the sural nerve stump. Therefore most of the new axons that traveled through the intercalated fibular nerve possibly could not reach the sural coaptation site in time.
Because the nerve conduit that bridged the sural nerve to
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Bar graph illustrating the results of the axon counts in the fibular nerve, demonstrating a significant increase in both the PEC and SEC groups compared with nonoperated control fibular nerve. The column labeled "proximal" represents samples taken from the fibular nerves proximal to the sural nerve coaptation site, and the column labeled "distal" represents samples taken from the fibular nerves distal to the sural nerve coaptation site. the tibial nerve was not a nerve graft in our study, we expected to achieve a better result than that of Viterbo and associates 28 who used a nerve graft. This failure may result from the fact that degenerating nerve grafts have more Schwann cells as stated by Lundborg, et al. 16 Therefore, it can be predicted that nerve grafts may have more Schwann cells than the distal segment of a severed nerve. This failure may also be due to limited sensory axonal regeneration after an end-to-side coaptation, as has been reported by Tarasidis and colleagues. 27 It may also be due to the brief time lapse until the evaluation of the sensory state, although Kovacic and associates 14 have reported successful results in cutaneous pain sensitivity after an end-to-side coaptation during the same time period when using a different experimental model.
In the PEC group the sural nerve successfully conducted the electrical stimulus with a mean velocity of 50.4 m/second, and there were many myelinated axons in the sural nerve distal to the coaptation site; however, this condition did not reflect the sensory state. This difference may be due to the possible discordance between the electrophysiological results and the functional outcome, as well as to the brief period between the treatment and evaluation of the sensory state at the sural nerve dermatome.
The mean fibular functional index was better in the SEC group, and the difference was highly significant (p Ͻ 0.01). Additionally, the mean numbers of the myelinated axons in the fibular nerve in both parts proximal and distal to the second coaptation site were significantly higher in the SEC group than the PEC group. In our model, the fibular nerve was the only nerve coapted to the healthy tibial nerve in the SEC group; however, in the PEC group, although there was again direct contact between the fibular and tibial nerves, the fibular nerve was coapted as a second nerve at a location distal to the sural nerve's coaptation site. McCallister, et al., 20 succeeded in demonstrating an increase in axonal sprouting after mechanical traumatic injury of the parent nerve proximal to the coaptation site.
In our study, however, end-to-side coaptation of the sural nerve (which also causes trauma to the tibial nerve proximal to the fibular coaptation site) did not stimulate the functional recovery of the fibular nerve, although the mean NCV in the PEC group was greater than that in the SEC group, and the difference was considered extremely significant (p Ͻ 0.0001). Worded differently, if we use NCV as a parameter with which to compare the two groups, our results confirm those of McCallister, et al.; 20 however, if the fibular functional index or the mean number of the myelinated axons is the criterion, then our results conflict with theirs. In addition, the discordance between the results of the fibular functional index calculations and the NCV measurements of the fibular nerve confirms the claim that because function requires complex motor unit reinnervation coordinated by cortically integrated sensory feedback, 5 electrophysiological parameters may not necessarily correlate with actual nerve function. Liu and associates 15 have reported the mean fibular functional index of nearly Ϫ40 at the end of the 12th week after coapting the distal end of the cut fibular nerve to the tibial nerve in an end-to-side fashion with an epineural window. This is compatible with the results obtained in our PEC group, whereas superior results were documented in the SEC group.
To our knowledge, the literature does not contain many numeric values derived from the NCV measurements in reports of experimental studies covering end-to-side neurorrhaphy. Zhao and colleagues 35 reported a mean NCV of 17.44 Ϯ 16.91 after end-to-side neurorrhaphy of the cut fibular nerve end to the tibial nerve without an epineural window, but the mean value increased to 29.40 Ϯ 10.99 when they created an epineural window. The mean NCVs we obtained for the fibular nerve in both of our experimental groups were better than those reported by Zhao, et al., possibly because of different methodology.
Although a proximal trauma resulting from the coaptation of the sural nerve did not stimulate axonal regeneration in the fibular nerve in the PEC group as much as that seen in the fibular nerve in the SEC group, it stimulated axonal regeneration better in the distal part of the tibial nerve. We observed a higher number of myelinated axons in the distal portion of the tibial nerve in the PEC group, which had two coaptations to the tibial nerve.
During functional and histomorphometrical evaluation, the superior result obtained in the fibular nerve in the SEC group may have resulted from the fact that the fibular nerve was the only nerve that might borrow axons from the tibial nerve. The higher NCVs in the fibular nerve in the PEC group, however, indicate that sprouted axons were conducted better in this group, possibly due to the difference in axonal diameters, myelination, and the internodal distance of the regenerating nerves between the two groups. 11 Analysis of the tibial functional index calculations revealed minimal changes in both groups, indicating that neither single nor double end-to-side coaptations impair function in the parent nerve. This finding is in accordance with the results of many other experimental studies. 4, 6, 17 Consequently, this experimental study has yielded several significant results. First, end-to-side coaptation is a reliable method of nerve repair, especially in cases involving the motor nerves. Second, if there is a need for two end-to-side coaptations of two injured nerves, PEC appears to be the method of choice. Third, electrophysiological parameters obtained during assessment of nerve recovery may not necessarily correlate with the functional and histomorphometrical outcomes. Fourth, end-to-side coaptation does not cause functional impairment in the intact parent nerve, even if it is performed twice. Fifth, sensory outcome observed after an end-to-side coaptation was not satisfactory in this model. This experimental study may reflect some clinical situations encountered during peripheral nerve surgery, and this model may provide assistance to clarify the exact neurophysiological mechanisms that occur during axonal sprouting and the time necessary for their taking effect after an end-to-side nerve coaptation.
Conclusions
During reparative peripheral nerve surgery, if there is a need for two end-to-side coaptations of two severed nerves, PEC should be the method of choice because it produces better axonal sprouting into the second coapted nerve. FIG. 7 . Bar graph illustrating the axon counts in the tibial nerve, revealing a significant increase in the number of myelinated axons in both experimental groups compared with the nonoperated representative.
